Nuclear fusion energy is a solution to the substitution of fossil fuels and the global energy deficit. However, among the several problems encountered for realizing a nuclear fusion reactor, the divertor presents difficulties due to the tremendous heat flux (~10 MW/m 2 ) from high-temperature plasma. Also, neutrons produce additional heat (~17.5 MW/m 3 ) from collisions with the materials' atoms. This may lead to unexpected effects such as thermal failure. Thus, a comprehensive investigation on the divertor module is needed to determine the heat-absorbing capacity of the divertor module so to maintain the effect of incident heat flux. In this study, using an analytical approach and a simulation, the quantitative effect of heat generation on the thermophysical behavior, such as temperature and thermal stress, was analyzed while maintaining the incident heat flux. Then, a correlated equation was derived from the thermal design criteria, namely, the maximum thimble temperature and the safety factor at the vulnerable point. Finally, on the basis of the thermal design criteria, the heat-absorbing capacity of a nuclear fusion reactor in operating conditions was determined. This study contributes to the understanding of the divertor's effects in nuclear fusion reactors for high-heat-flux and high-temperature applications.
Introduction
Nuclear fusion energy is a solution to the substitution of fossil fuels and the global energy deficit. For these reasons, several countries (China, European Union, India, Japan, Korea, Russia, and United states) have conducted research on the International Thermonuclear Experimental Reactor (ITER), which is the first fusion device maintaining fusion for long periods, and the demonstration reactor (DEMO), designed to prove the generation of electricity over several years [1] . However, there are several scientific/technological problems in developing nuclear fusion reactors, related to plasma instability [2] , superconducting systems [3] , blankets [4, 5] , and materials [6, 7] . In particular, the divertor, which has the role of removing exhausted particles from the plasma and securing the shape of the plasma in the tokamak [1] , is one of the most challenging components of a fusion plant, whose function is complicated by the requirement to dissipate large quantities of heat (~10 MW/m 2 ). For this reason, investigations have been conducted on the thermal management of divertor modules by using water, helium, liquid lithium, and others [8, 9] .
For high-heat-flux components such as the divertor module, several cooling techniques, namely, pin fins [10] [11] [12] , rib turbulators [13] [14] [15] , and impingement jets [16] [17] [18] , have been utilized for applications with various working fluids such as water [19, 20] , refrigerants [21, 22] , gas [23, 24] , and others [25] [26] [27] . Of the cooling techniques, impingement jet cooling is a powerful technique that achieves the highest heat transfer coefficient. In particular, the multi-array impingement jet (MAIJ), which applies the cooling performance of an impingement jet onto a larger area than that covered by a single impingement jet presented in Figure 1 , has been adopted for the thermal management of divertors in nuclear fusion reactors because of its high heat transfer coefficient and thermal stability on a heated surface compared to other techniques [1, [28] [29] [30] . In addition, helium is a prominent working fluid to manage the thermal load on the divertor module because of its high thermal conductivity (~0.23 W/mK) and chemical and neutronic inertness, despite its high pumping power. Thus, MAIJ with helium has been studied for several years to manage the high thermal load on the divertor module [31] [32] [33] [34] [35] . Recently, neutronics, which is the investigation of neutron effect on materials, has been the focus of several researchers connected with the irradiation of materials [36, 37] and penetration depth [38, 39] . In particular, the thermophysical behavior of a solid material upon neutron collision has been an issue of study for several years [1, 40, 41] . Researchers have found that, upon collision with tungsten (solid material) atoms, the neutron wall load (~2.3 MW/m 2 ) causes volumetric heating (~17.5 MW/m 3 ) in tungsten and additional thermal load on the nuclear fusion reactors [1] . The problem is that there is not enough thermal margin for the divertor, except for the incident heat flux (~10 MW/m 2 ) from the high-temperature plasma. Additionally, it is impossible to measure the exact value of heat generation rate by neutron collision in full-scale nuclear fusion reactors because they are under construction or in the planning stage, which means that the additional volumetric heating can be changed. Furthermore, there have been a few studies on the heat transfer characteristics when the incident heat flux and the heat generated by neutrons affect the divertor in a nuclear fusion reactor. The additional thermal effect caused by neutronic heating, causes the divertor in a nuclear fusion reactor to undergo melting of the brazing material or thermal stress above the limits of allowable strength. Thus, a comprehensive investigation of the divertor system is required to determine not only the effect of the heat generation rate on the divertor module, but also the heat-absorbing capacity in relation to the incident heat flux.
Here, we investigated the effect of the heat generation rate on the thermophysical behavior of the divertor module and the heat-absorbing capacity considering the incident heat flux in relation to the design of the divertor module. We determined the correlation as a function of the incident heat flux and heat generation by combining mathematical results with those of a simulation, for the comprehensive understanding of heat transfer characteristics. The domain range of heat generation rate and heat flux was 0 to 140 MW/m 3 and 4 to 12 MW/m 2 , respectively, on the basis of past research [1, 42] . On the basis of previous work [42] , we set the thermal design criteria, which are the maximum temperature of the thimble for relieving the difference of thermal expansion with respect to the tile, as shown in Figure 1 , as well as the safety factor, considering thermal stress and yield strength in the divertor module. From the results of the simulation, we analyzed the thermophysical behavior of the MAIJ by changing the incident heat flux and heat generation by neutron heating. In addition, we calculated the heating contribution of the incident heat flux and neutron heating to the temperature and thermal stress of the divertor module. Finally, on the basis of the correlated equations of design elements such as maximum thimble temperature and thermal stress, we determined the heat-absorbing capacity corresponding to changes in the incident heat flux. This work is expected to improve our understanding of the thermophysical behavior of the divertor module in relation to the heat generation rate. Figure 1 shows the MAIJ of the divertor system in nuclear fusion reactors. A divertor unit cell with hexagonal shape consists of a tile, a thimble, and a cartridge [1, 42] . The tile is made of tungsten, which has a high melting temperature (3422 • C) and a thermal conductivity of~100 W/mK over 1000 • C. The width of the top surface was 17.8 mm, and the thickness ranged from 5 to 12 mm; the bottom of the tile had a concave shape. The thimble was installed below the tile and consisted of WL10, which has an operating windows between the ductile-brittle transition (600 • C), a recrystallization temperature (1300 • C) in the neutron-exposed condition, and intermediate thermal expansion coefficient (4.6 µm/m • C) between those of tungsten (4.0 µm/m • C) and of the cartridge (13.4 µm/m • C) at 20 • C with a thickness of 1 mm [43] . Between the tile and the thimble, a brazing material was used to fix the solid interface as a criterion of thermal design of the divertor module based on a melting temperature of 1050 • C [44] . Under the thimble, there was the cartridge with the MAIJ for cooling the divertor module. The MAIJ was composed of a center hole of 1 mm diameter and 24 holes of 0.6 mm diameter, along with four concentric arrays of six holes. Between the cartridge and the thimble, a space of 0.9 mm was used as the flow path after impinging on the heated surface toward the outlet.
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Modeling of the Thermo-Hydraulic Analysis
For the thermo-hydraulic simulation to investigate the thermal and fluid behaviors of the divertor module, we used a commercial code of CFX 15.0, which is widely utilized for similar investigations. We considered the continuity, momentum, and energy equations to evaluate the thermophysical behavior expressed as follow [45] :
where ρ, → v , p, µ, µ t , U, k, and T are the helium density, velocity, pressure, dynamic viscosity, turbulent viscosity, internal energy, thermal conductivity, and temperature, respectively. The Reynolds Averaged Navier Stokes (RANS) equation was used to characterize turbulent phenomena in the fluid region. The shear stress transport model (SST model) was selected to study the multi-array impingement jet phenomena because an SST model is more effective in simulating results compared to the other turbulent models. In past research with k-ε and k-ω models, it was hard to estimate the adverse pressure gradient nearby the wall jet region; conversely, the SST model can predict the adverse pressure gradient in the wall jet region, thus increasing the accuracy of the simulation compared to the k-ε and k-ω models [46] . In addition, since there were some complex fluid phenomena near the impinging surface, we used a high-resolution scheme, which is second-order advection scheme to calculate the advection terms in finite volume methods [45] , to capture the fluid behavior.
The thermo-hydraulic simulation was conducted on a segment corresponding to one-sixth of the divertor module, and the cut surface indicated symmetric conditions. The top surface of the tile was assumed to have a constant heat flux from 4 to 12 MW/m 2 considering previous works [1, 28, 32, 47] . The heat generation rate ranged from 0 to 140 MW/m 3 on solid elements such as tile, thimble, and cartridge, which, according to several papers, corresponds to a wide range of heat generation rates [1, 40, 41] . The outer surface of the segment was set according to adiabatic conditions. The working fluid of the divertor module was the ideal gas of helium, whose properties were sourced from the NIST Webbook at a constant pressure of 10 MPa [48] . The inlet static pressure and temperature were set to 10 MPa and 540 • C, respectively. The total mass flow rate of the single divertor module was 13.5 g/s [42] . The thermophysical properties of tungsten and WL 10 were sourced from the ITER Materials Properties Handbook (MPH) [49] . The density and specific heats of tungsten and WL 10 are the same according to the reference, but thermal conductivity differs [50] .
To study the thermal design of the high-heat-flux components, thermal stress is an important parameter by which to analyze the thermophysical behavior of the system. Thermal stress is caused by the thermal expansion of the divertor components owing to the presence of a temperature gradient in the system. In high-heat-flux components, thermal stress is a cause of thermal failure in the mechanical system. To analyze the thermal stress of the divertor module, we considered the temperature data calculated by thermal fluid analysis in the initial conditions of the thermo-mechanical analysis. The governing equation of thermal stress is expressed:
where E, δ, ν, T s , and T ref indicate the Young's modulus of the solid, thermal expansion coefficient, Poisson's ratio, temperature of the solid, and reference temperature, respectively. From the simulation, we inducted the equivalent stress (i.e., von Mises stress) for the evaluation of the system's reliability in relation to the yield strength of the solid materials. The geometry considered for the mechanical analysis was based only on the tile and the thimble, because the cartridge inside the divertor module does not affect the thermal stress. The elastic modulus (Young's modulus), Poisson's ratio, and coefficient of thermal expansion (CTE) were in accordance with ITER MPH [49] . In addition, we assumed that the elastic modulus and Poisson's ratio of WL 10 are the same as those of tungsten. The cut surface was cyclic to reflect the hexagonal shape. A frictionless support condition was set on the bottom of the thimble, and the other parts could expand freely according to the temperature [1] . Furthermore, since the temperature range of the divertor module was wide, all properties were a function of the temperature.
Grid Formation and Validation
The grid for the thermohydraulic analysis consisted of an unstructured mesh generated by ANSYS Meshing, as shown in Figure 2a , with a grid number of 9.4 million to estimate the thermohydraulic behavior in the fluid path. To capture the thermo-fluidic behavior near the wall, the grid was concentrated around the solid-fluid interface. Moreover, the wall y plus value was considered near 1 on the impinging surface to capture the heat transfer characteristics. The numerical validation of the thermohydraulic analysis was compared to the reported experimental data [44, 47] , and the discrepancy was within 5.38% of the maximum temperature of the divertor module and 3.14% of the difference between the working fluid inlet and the outlet temperatures, as shown in in Figure 2b . The grid number of the thermomechanical analysis was 0.5 million, generated by ANSYS Meshing and determined by the grid independence test. 
Analytical Approach
When a 1-D heat conduction equation is assumed for the analysis of the temperature behavior in a divertor module, this temperature has linear characteristics that enable the superposition of several effects on the temperature [51, 52] . Thus, it can be separated from the factors that affect the temperature of the divertor module, such as heat flux and heat generation. On the basis of this assumption, we can express an arbitrary point temperature (T point ) in the divertor module considering the variation of heat flux and temperature as follows:
In Equation (5), this temperature can be divided into the three terms of reference temperature, temperature variation of heat flux, and heat generation. ∆T heat f lux is determined by the incident heat flux from the upper surface of the divertor module, and ∆T heat generation is determined by the heat generation caused in the divertor module by neutronic heating. If the superposition of the factors is applied for the incident heat flux and heat generation, T point is affected by the increase in the temperature caused by the incident heat flux and heat generation rate. Considering the effect of the incident heat flux without heat generation, the thermal circuit of the divertor module [52] is applicable and expressed by the increase in temperature caused by heat flux in Equation (5) as follows:
where q , R tot , h jet k thimble , L thimble , k tile , and L tile are the incident heat flux, total thermal resistance from the jet to an arbitrary point in the divertor module, heat transfer coefficient of the jet, thermal conductivity of the thimble, characteristic length of the thimble, thermal conductivity of the tile, characteristic length of the tile, and total thermal resistance of the specific point, respectively. The reference temperature in the study was the fluid inlet temperature (T f , in ) because it was a factor used to determine the temperature in the impingement jet system in previous works [42, 44, 53] . The heat transfer coefficient due to the impingement jet is a function of the Reynolds number, which expresses the mass flow rate of the jet [42, 52] . The conduction terms of the thimble and tile are minor terms compared to the heat transfer coefficient term in the operating domain of the study. Thus, by analyzing the local temperature at the same mass flow rate and a specific point, in Equation (6), it is recognized that the temperature is a function of the heat flux, which is the total thermal resistance up to the specific point. Additionally, on the basis of the temperature related to the incident heat flux, the total thermal resistance derived from the slope of the temperature at the specific point can be determined. In Equation (5), the third term regarding the increase in temperature caused by the heat generation rate is expressed by the energy balance between heat generation and dissipation at the interface of thimble and working fluid. On the basis of this consideration, we describe the energy balance as follows:
Q heat generation = q V = h jet A jet T jet − T re f = Q Dissipation (7) where Q, ρ, c p , V, T are the density, specific heat, volume, and temperature, respectively. The subscript "jet" means the interfacial area at the bottom of the thimble surface. Most of the heat transfer phenomena occur at the interfacial area by intersecting the bottom of the tile surface, thus the temperature is expressed on the impinged surface as follows:
In Equation (8), the heat transfer coefficient of the impinged surface is calculated by the simulation. On the basis of the temperature on the impinged surface, the energy balance in the solid part is considered to obtain the temperature of an arbitrary point. By assuming 1-D conduction corresponds to the deduction of the increase in temperature by heat flux, the equation is expressed by Fourier's law as follows:
where L x and A express the distance from the interfacial surface and the area of conduction heat transfer inside the solid domain, respectively. Integrating Equation (9) with Equation (8), Equation (10) is obtained, considering the increase in temperature by heat generation as follows:
Based on Equations (6) and (10), the temperature at the arbitrary point is finally obtained as follows:
q * = q / 10 MW m 2 , q * * = q / 17.5 MW m 3 (12) where α, β, q*, and q** are non-dimensionalized terms to express the ratio of heat flux to heat generation magnitude compared to the reference heat flux and heat generation values [1] . From Equation (11), the continuous wide range of thermophysical behavior can be estimated using the correlated equation with the simulated data, obtaining the design guidelines of a helium-cooled divertor. Figure 3a presents the temperature distribution in the divertor module. Since we can infer that the shortest heat flow path for the same amount of heat flux results in higher temperature at the end of the heat flow path, we can recognize that the maximum thimble temperature occurs at the top center of the thimble. To evaluate the heat-absorbing capacity with respect to the change in heat flux, we analyzed the temperature behavior in the divertor module. In the divertor module, there were three design limits related to the temperature, namely, the melting point of the tile and thimble (~3422 • C) [54] , the recrystallization temperature of the thimble (~1300 • C), and the brazing temperature of STEMET ® (1050 • C) between the tile and the thimble [44] . From the design limits, the brazing temperature at the lowest value represented an important criterion for the thermal design of the divertor module. In addition, the design temperature of the brazed region was determined according to the maximum thimble temperature, because the brazed part reached the highest temperature. Thus, we found that the local temperature at the top center of the thimble can represent the main design criterion of the divertor module [42] . we found that the local temperature at the top center of the thimble can represent the main design criterion of the divertor module [42] . In Equation (11), we presented the linear relation between the normalized heat generation rate and incident heat flux and the local temperature; α in Equation. (11) is the temperature increase due to the heat flux and is determined by the thermal conductivity and heat flow length. This linearity was already explained in a previous work [42] , since the heat flow length was the same according to the analysis of the maximum thimble temperature, and the thermal conductivity was almost constant, within 5.8% in the range from 500 to 1050 °C in the study. Interestingly, β in Equation (11), which represents the effect of normalized heat generation on the increase in temperature, is also linearly proportional to the temperature at the maximum thimble temperature. It means that our assumption of 1-D equation and constant properties is reliable for the estimation of the temperature in the heliumcooled divertor module. On the basis of the simulation results and the analytical approach, we could deduce the coefficients α and β in Equation (11) . For α, we used the slope of linear fitting of the simulation data in the case of lack of heat generation because it is reasonable to analyze only the heat flux effect to determine the coefficient.
Results and Discussions
Heat Generation Effect on the Maximum Thimble Temperature
Consequently, α was 431.4 °C on the basis of the results of the cases without heat generation. In addition, β was determined using the averaged heat transfer coefficient on the impinged surface, the ratio between volume and impinged surface, the averaged thermal conductivity in the thimble, and the distance between the impinged surface and the point of maximum thimble temperature. The averaged heat transfer coefficient on the impinged surface was 36214.6 W/m 2 K, which was areaaveraged on the intersected surface by the bottom of the tile. The ratio of volume and interfacial area In Equation (11), we presented the linear relation between the normalized heat generation rate and incident heat flux and the local temperature; α in Equation. (11) is the temperature increase due to the heat flux and is determined by the thermal conductivity and heat flow length. This linearity was already explained in a previous work [42] , since the heat flow length was the same according to the analysis of the maximum thimble temperature, and the thermal conductivity was almost constant, within 5.8% in the range from 500 to 1050 • C in the study. Interestingly, β in Equation (11), which represents the effect of normalized heat generation on the increase in temperature, is also linearly proportional to the temperature at the maximum thimble temperature. It means that our assumption of 1-D equation and constant properties is reliable for the estimation of the temperature in the helium-cooled divertor module. On the basis of the simulation results and the analytical approach, we could deduce the coefficients α and β in Equation (11) . For α, we used the slope of linear fitting of the simulation data in the case of lack of heat generation because it is reasonable to analyze only the heat flux effect to determine the coefficient.
Consequently, α was 431.4 • C on the basis of the results of the cases without heat generation. In addition, β was determined using the averaged heat transfer coefficient on the impinged surface, the ratio between volume and impinged surface, the averaged thermal conductivity in the thimble, and the distance between the impinged surface and the point of maximum thimble temperature. The averaged heat transfer coefficient on the impinged surface was 36,214.6 W/m 2 K, which was area-averaged on the intersected surface by the bottom of the tile. The ratio of volume and interfacial area was 8.75 mm in this study. The averaged thermal conductivity was 99 W/mK, which was determined for the range of 540 to 1400 • C. In addition, the distance was 1 mm, extracted from the geometry of the divertor module. On the basis of these values, β was 5.77 • C. Regarding the values of α and β in Equation (11), firstly, we inferred the contribution of maximum thimble temperature increase in terms of heat flux and heat generation. The increase in temperature was 431.4 • C per heat flux of 10 MW/m 2 and 5.77 • C per heat generation of 17.5 MW/m 3 . In addition, the heat flux of 0.13 MW/m 2 gave the same contribution as the heat generation of 17.5 MW/m 3 . This means that the reliable heat flux was reduced by the heat generated by neutron heating, which we should consider, as it might affect thermal design point. Using the coefficients α and β, we drew the correlation line from 4 to 12 MW/m 2 of heat flux and from 0 to 140 MW/m 3 of heat generation in Figure 3b . As shown in Figure 3b , the discrepancy between the simulation results and those form the correlated equation was within 2%, and the correlation supported the expression of the temperature behavior of the divertor module according to the changes in heat generation and heat flux. Therefore, we judged that we can use the correlation results to deduce the heat-absorbing capacity on the basis of the changes in heat flux for the thermal design of the divertor module.
Thermomechanical Behavior Caused by Heat Generation Rate
In high-heat-flux applications, thermal stress should be considered in the thermal design because it causes thermal failure due to harsh temperature gradients in the system [55, 56] . In addition, thermal stress should be considered with the yield strength in the elastic region, since thermal stress alone cannot characterize vulnerable points in a mechanical system [42] . Thus, we analyzed thermal stress and evaluated the integrated factor considering the yield strength in the divertor module. Figure 4a shows the equivalent stress (von Mises stress) distribution of the divertor module in the study. As shown in Figure 4a , we could guess three vulnerable points: top of the tile (low stress and yield strength), periphery of the tile and thimble connection (high stress and yield strength), and inner curved surface of the thimble (high stress and yield strength). Among these three vulnerable points, in a previous work [42] , we showed that the most vulnerable one in the divertor is the inner surface of the thimble because it is the location of the highest stress and because the thimble material has a lower yield strength than the tile in the temperature range considered. Thus, we analyzed the thermomechanical behavior in the region of the inner curved surface. Figure 4b shows the thermal stress results at the vulnerable point. In Figure 4b , the thermal stress is linearly proportional to the heat generation and heat flux in the simulation. This is because the governing Equation (4) is based on the difference between the solid's temperature and the reference temperature. The first term in Equation (4), which is a function of elastic modulus, Poisson's ratio, and thermal expansion coefficient, is almost constant (within 7.3%) in the temperature range from 500 to 1700 • C. This means that the thermal stress is a linear function of the solid's temperature, because the reference temperature is constant in this study. Since the temperature at the vulnerable point is also linearly proportional to the heat flux, we inferred that the thermal stress is also linearly proportional to the heat flux [42] . Thus, we determined the correlation of thermal stress with respect to the temperature at the vulnerable point as follows:
σ stress, point = a + bq * + cq * * (14) where α , β , a, b, and c are correlation coefficients from the simulation results covering the operating domain in the study. From the linear curve fitting of the simulation results in the no-heat-generation case at the vulnerable point, the correlated coefficients of α and β were 215.9 • C and 4.2 • C. On the basis of Equation (13) and the thermal stress results at the vulnerable point, the coefficients a, b, and c were -78.89, 466.68, and 5.51 MPa, respectively. From the correlation, in the design point of thermal stress, the heat flux of 0.12 MW/m 2 was converted into a heat generation of 17.5 MW/m 3 . As shown in Figure 4b , the maximum discrepancy between the simulation results and the correlation was 5% for the area studied. This shows that the correlation analysis is valid for the investigation of the thermo-mechanical behavior of the divertor module. As mentioned above, to evaluate the thermomechanical reliability of the divertor module, we should integrate the thermal stress with the yield strength. In this study, we used the concept of safety factor expressed as follows: N = σ yield strength (q * , q * * )/σ calculated stress (q * , q * * ) (15) where both yield strength and calculated stress are functions of the temperature expressed as a function of normalized heat flux and heat generation. Figure 5 shows the safety factor at the vulnerable point with changes in heat generation. In Figure 5 , the safety factor decreases gradually with increasing heat generation, since the increase in heat generation causes an increase in temperature, increase in thermal stress, and decrease in yield strength. With the design criterion of the safety factor set as 1.1 in the ideal conditions [57] , a heat flux over 12 MW/m 2 makes it difficult for the divertor module to manage a high heat load. This means that, in terms of thermophysical behavior, an incident heat flux over 10 MW/m 2 deteriorates the divertor module, despite the lack of heat generation. Additionally, the discrepancy of between the results of the correlated equation and the simulation results was within 10%. Therefore, we evaluated the heat-absorbing capacity with changes in heat flux using Equations (11) and (15) . Figure 6 shows the thermal design map of maximum thimble temperature with changes in the normalized heat flux (q*) (0-1.4) and heat generation (q**) (0-100) based on Equation (11) . As shown in Figure 6 , the temperature has a linearly proportional trend with respect to both heat generation and heat flux. On the basis of the temperature criteria, the red-dashed line represents the thermal design guideline of the maximum thimble temperature in the divertor module. In contrast, in Figure 7 , the graph trend has a curved shape according to by Equation (15), since the yield strength is a function of heat generation and heat flux, and thermal stress is a linear function of heat generation and heat flux. On the basis of the safety factor criteria of 1.1 in the ideal conditions [57] , the region with satisfying reliable operation is also characterized by low heat generation and low heat flux. To determine the heat-absorbing capacity for the thermal design of the divertor, we deduced the results of Figures 6 and 7 . Figure 8 expresses the heat-absorbing capacity with changes in heat flux over the whole range of the study. As shown in Figure 8 , we determined the different heat-absorbing capacities with respect to heat generation related to the maximum thimble temperature and safety factor. Using curve fitting, we derived the equation for the line of the margin. At the maximum thimble temperature, the equation of heat-absorbing capacity can be expressed as follows: q * * margin, temp. = −74.71q * + 88.32 (16) Equation (16) means that the heat-absorbing capacity of 1545.6 MW/m 3 (q** = 88.32) was allowed at 0 MW/m 2 , and no increase of the heat-absorbing capacity is possible for a heat flux higher than 11.82 MW/m 2 (q* = 1.182). In a similar manner, we calculated the heat-absorbing capacity in relation to the safety factor of 1.1 as follows [53] : q * * margin, sa f ety f actor = −80.50q * + 80.69 (17) Figure 8 . Heat-absorbing capacity of the divertor module considering the design criteria of temperature and safety factor with changes in normalized heat flux (q*) and heat generation (q**).
Heat-Absorbing Capacity for the Satisfaction of System Reliability
Equation (17) shows that the heat-absorbing capacity of 1408.17 MW/m 3 (q** = 80.69) was allowed at 0 MW/m 2 and was effective for a heat flux up to 10.002 MW/m 2 . Consequently, the satisfying region in Figure 8 has a favorable heat-absorbing capacity, when considering maximum thimble temperature and safety factor at the vulnerable point. Furthermore, of primary concern in the analysis of the heat-absorbing capacity is the safety factor of the thimble for the thermal design of the divertor.
Conclusions
This study investigated the effect of the additional heat generation caused by neutronic collision on the divertor module and determined the heat-absorbing capacity considering the incident heat flux, using an analytical approach and a numerical simulation. On the basis of a previous study, the design criteria, namely, the maximum thimble temperature, which is related to the brazing material between the tile and the thimble, and the safety factor of the thimble at the vulnerable point were evaluated, together with thermal stress and yield strength. From the analytical approach and simulation, correlation equations were used to determine the design criteria and deduce the heat-absorbing capacity. From these results, firstly, the maximum thimble temperature and thermal stress appeared to be linearly proportional to both the heat generation and the heat flux according to the analytical approach. This can help to understand the heat transfer characteristics in the harsh conditions of the nuclear fusion reactor. Secondly, the effect of heat flux on the thimble temperature was much bigger than the effect of the heat generation, because the reported values of heat generation caused by neutron collision were lower than those of the incident heat flux. However, around the steady-state conditions of incident heat flux (10 MW/m 2 ), the small amount of heat generation affected the heat-absorbing capacity seriously. Thirdly, a thermal design map is suggested to overcome the limitation of some of the simulation data, because the margin of the heat-absorbing capacity is meager in the real conditions of the nuclear fusion reactor. Finally, the heat-absorbing capacity using the heat flux of the helium-cooled divertor module was deduced. The presented approach is meant for research on the divertor module in nuclear fusion reactors, as well as for various high-heat-flux applications.
